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The last  recognized eva lua t ion  of t h e  " l imi t -e f f ic iency"  and of des ign  
goa l s  f o r  s i l i c o n  s o l a r  c e l l s ,  based on r e a l i s t i c  appearing m a t e r i a l  parameters  
and on an  i d e a l i z e d  dev ice  s t r u c t u r e ,  w a s  performed i n  1970 under t h e  auspices  
of t h e  Nat iona l  Academy of Sciences ( r e f .  1 ) .  S ince  t h a t  t ime, a  number of 
phenomena n o t  recognized then  have become reasonably w e l l  understood, and some 
device  s t r u c t u r i n g  approaches have evolved which permit  "remedial designs" t o  
ga in  h igh  performance i n  a l b e i t  somewhat more complicated s o l a r  c e l l  s t r u c t u r e s  
than  envisioned e a r l i e r .  These new circumstances warrant  re -eva lua t ion  of bo th  
t h e  i d e a l i z e d  " l i m i t  e f f i c i ency"  and of t h e  des ign  goa ls ,  t h e  l a t t e r  being 
va lues  t h a t  can b e  expected t o  be  approached i n  r e a l ,  produceable devices .  
An eva lua t ion  of t h e  l i m i t  e f f i c i e n c y  is  s u i t a b l y  based on t h e  s imp les t ,  
most b a s i c  mathematical method t h a t  i s  appropr i a t e  f o r  t h e  cond i t i ons  imposed 
by t h e  c e l l  model. I n  t h i s  connect ion,  i t  i s  important t o  recognize t h a t  t h e  
" l i m i t  e f f i c i ency"  has  t r a d i t i o n a l l y  been eva lua ted  f o r  t h e  i d e a l i z e d  "one sun" 
case ,  which means no o p t i c a l  concen t r a t ion  and a  normal i r r a d i a n c e  of 1 kW m-2, 
which has been obtained by a low-moisture, low- turb id i ty ,  direct-beam, air-mass 
1 s p e c t r a l  d i s t r i b u t i o n  without  a d d i t i o n  of i n d i r e c t  r a d i a t i o n .  For c o n t i n u i t y  
and s i m p l i c i t y ,  t h i s  p r a c t i c e  has been extended t o  t h i s  work. An eva lua t ion  of 
t h e  "appropriateness"  of approach has  shown t h a t  t h e  r e c a l c u l a t i o n  of t h e  
" l i m i t  e f f ic iency" ,  as e s s e n t i a l l y  a n  upper l i m i t ,  w i l l  b e  c a r r i e d  out  w i th  
maximum c l a r i t y  and f u l l y  adequate  accuracy by a p p l i c a t i o n  of t h e  e x i s t i n g  bas i c  
a n a l y t i c a l  model of a  s o l a r  c e l l  ( r e f .  2) t o  a simple, i d e a l i z e d  s o l a r  c e l l  
s t r u c t u r e .  From t h i s  l i m i t  e f f i c i e n c y ,  a  f i r s t  set of "design goals"  can be  
derived by a p p l i c a t i o n  of "experience f a c t o r s " ,  as done he re .  However, t h e  de- 
s i g n  c a l c u l a t i o n s  can b e  improved by more s o p h i s t i c a t e d  modeling, which w i l l  
permit  t h e  c l o s e  eva lua t ion  of t h e  r e l a t i v e  m e r i t s  of va r ious  r e a l i z a b l e  s t r u c -  
t u r e  des ign  opt ions .  Following a  s tepped procedure, i n  moving from t h e  idea l -  
i zed  s t r u c t u r e  t o  one more c l o s e l y  resembling a  r e a l  c u r r e n t  o r  p ro j ec t ed  de- 
s ign '  and i n  applying more s o p h i s t i c a t e d  a n a l y s i s  methods, w i l l  have dua l  bene- 
f i t s :  It permi ts  determining t h e  in f luence  on performance of each p a r t  of t h e  
r e a l  s o l a r  c e l l  s t r u c t u r e  r e l a t i v e  t o  t h e  i d e a l i z e d  s t r u c t u r e ;  and it permi ts  
an eva lua t ion  of t h e  r e l a t i v e  accu rac i e s  ob ta inab le  by applying exac t  a n a l y t i -  
c a l  methods t o  approximate s t r u c t u r e  o r  ope ra t ing  mechanism models i n  c o n t r a s t  
t o  applying numerical methods t o  more c l o s e l y  r e p r e s e n t a t i v e  models. 
This  p u b l i c a t i o n  d e a l s  only wi th  t h e  l i m i t  e f f i c i e n c y  ob ta inab le  by a p p l i -  
c a t i o n  of t h e  base  a n a l y t i c a l  method t o  t h e  s imp les t  i dea l i zed  s o l a r  c e l l  
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s t r u c t u r e .  It con ta ins  a d e s c r i p t i o n  of t h e  methodology, of t h e  s o l a r  c e l l  
s t r u c t u r e ,  of t h e  s e l e c t i o n  of t h e  m a t e r i a l  parameters used i n  t h e  eva lua t ion ,  
and a d i scuss ion  of t h e  r e s u l t s ,  inc luding  a new s e t  of des ign  goa l s  der ived  
from t h e  l i m i t  e f f i c i e n c y .  Fu r the r  pub l i ca t ions ,  i n  p repa ra t ion ,  w i l l  extend,  
i n  a s imple way, t h e  one-dimensional a n a l y t i c a l  method which is accu ra t e ly  
a p p l i c a b l e  a t  low l e v e l  i n j e c t i o n  t o  any quas i -neut ra l  r eg ion  wi th  cons t an t  
parameters i n  t h e  device ,  t o  gene ra l  m u l t i l a y e r  s t r u c t u r e s ,  and apply it t o  
s o l a r  c e l l s  wi th  a t  l e a s t  2 t o  3 l a y e r s  i n  each of t h e  two main reg ions  of t h e  
device ,  c l o s e l y  approximating c u r r e n t l y  r e a l i z a b l e  s t r u c t u r e s .  
DIFFERENCES TO PRIOR EVALUATIONS OF SOLAR CELL LIMIT EFFICIENCY 
A s i g n i f i c a n t  number of endeavors have previous ly  been undertaken a t  de- 
termining a " l i m i t  e f f i c i ency"  of s o l a r  c e l l s  i n  gene ra l ,  and i n  p a r t i c u l a r  
of s i l i c o n  s o l a r  c e l l s .  These endeavours f a l l  e s s e n t i a l l y  i n t o  two groups: 
I n  t h e  f i r s t ,  t h e  r e s e a r c h e r s  have t r i e d  t o  e s t a b l i s h  an  "absolu te  t h e o r e t i c a l  
e f f i c i ency"  based on t h e  a p p l i c a t i o n  of b a s i c  phys i ca l  p r i n c i p l e s  only,  with- 
ou t  i n t r o d u c t i o n  of s t r u c t u r e  o r  material parameters .  Some of t h e s e  approaches 
were based p r imar i ly  on t h e  laws of thermodynamics ( r e f .  3 ) .  The l a r g e r  num- 
be r  of endeavours f a l l  i n t o  t h e  second group, having been based on contemporary 
semiconductor dev ice  a n a l y s i s  methods, app l i ed  t o  a somewhat i d e a l i z e d  device  
s t r u c t u r e ,  and us ing ,  a t  t h e  t ime,  r e a l i s t i c  appearing m a t e r i a l  p rope r t i e s .  
I n  t h i s  second group, t h e  s t r u c t u r e s  were i d e a l i z e d  i n  s o  f a r  as known, tech- 
nology-limited e f f e c t s  were ex t r apo la t ed  t o  l e v e l s  which appeared t o  be  
achieveable  i n  t h e  f u t u r e ,  o r  t o  t h e  100% performance l e v e l ,  where t h e  l o s s e s  
r e s u l t i n g  from such e f f e c t s  were a l r e a d y  r a t h e r  s m a l l .  Following t h e  c u r r e n t  
penchant f o r  abb rev ia t ions ,  t h i s  second group might s u i t a b l y  be c l a s s i f i e d  as 
ReMPIDS modeling, w i t h  t h e  abb rev ia t ion  s tanding  f o r  " r e a l i s t i c  m a t e r i a l  para- 
me te r s / i dea l i zed  device  s t r u c t u r e . "  
There a r e  c l e a r l y  t h r e e  preceding genera t ions  of t h e  ReMPIDS approach 
d i s c e r n i b l e ,  s o  t h a t  t h e  c u r r e n t  undertaking would r ep re sen t  t h e  f o u r t h  genera- 
t i o n .  The preceding genera t ions  d a t e  t o  t h e  1953-55 per iod  ( r e f .  4 ) ,  t h e  
1958-61 pe r io f  ( r e f .  5 ) ,  and t o  1970 ( r e f .  1 ) .  The 1970 model, developed f o r  
a committee commissioned by t h e  Nat iona l  Academy of Sciences,  w a s  concerned 
p r imar i ly  w i th  i l l u m i n a t i n g  t h e  t echno log ica l ly  f e a s i b l e  appearing methods 
f o r  improving t h e  e f f i c i e n c y  of t h e  s i l i c o n  s o l a r  c e l l s  beyond t h a t  a t  which 
they had s tagnated  f o r  a number of yea r s .  
The key r e s u l t s  of t h i s  1970 a n a l y s i s  included t h e  p o t e n t i a l  c o l l e c t i o n  
e f f i c i e n c y  inc rease  from t h e  contemporary l e v e l  of 72% t o  about 88% by im- 
proving t h e  short-wavelength response of t h e  dev ice  through th i ckness  r educ t ion  
of t h e  d i f f u s e d  r eg ion  and a modest decrease  of t h e  " e f f e c t i v e  s u r f a c e  recom- 
b i n a t i o n  ve loc i ty"  a t  t h e  f r o n t  s u r f a c e  of t h e  c e l l ,  and a d d i t i o n a l l y  through 
a moderate i n c r e a s e  of t h e  d i f f u s i o n  l e n g t h  i n  t h e  base  r eg ion ,  as w e l l  as a 
smal l  r educ t ion  i n  t h e  r e f l e c t a n c e  of t h e  f r o n t  su r f ace .  A l a r g e r  e f f i c i e n c y  
improvement was expected from a n  i n c r e a s e  i n  t h e  open c i r c u i t  v o l t a g e  and t h e  
curve f a c t o r .  Based on applying Shockley's d i f f u s i o n  theory  f o r  PN junc t ion  
c h a r a c t e r i s t i c s  and t h e  Shockley-Read theory  of recombination, t h i s  improve- 
ment was p red ic t ed  t o  be  achieved p r imar i ly  by reducing t h e  r e s i s t i v i t y  of 
t h e  base r eg ion  wi th  maintenance of a reasonable  minor i ty  c a r r i e r  s a t u r a t i o n  
l i f e t i m e  a t  t h e s e  lower r e s i s t i v i t i e s .  The fo l lowing  assumptions had been 
made i n  t h a t  a n a l y s i s ,  which were c h a r a c t e r i s t i c  of t h e  understanding of t h a t  
time: ( a )  t h e  s u r f a c e  recombination v e l o c i t y  approaches i n f i n i t y  under t h e  
ohmic c o n t a c t s ,  and is  very  h igh  and only moderately in f luenceab le  on t h e  open 
f r o n t  su r f ace ;  (b) t h e  onse t  of Auger recombination and of band-gap narrowing 
a t  very h igh  impuri ty  l e v e l s  w a s  no t  recognized;  (c )  wide-base diode a n a l y s i s  
was app l i ed  s i n c e  it appeared v a l i d  on t h e  b a s i s  of contemporary d i f f u s i o n  
l eng th  t o  o r  beyond t h e  base width had not  been recognized which might have 
n e c e s s i t a t e d  t h e  a p p l i c a t i o n  of app ropr i a t e  c o r r e c t i o n  f a c t o r s  f o r  narrow 
base widths i n  t h e s e  measurements. 
The improvements i n  t h e  c o l l e c t i o n  e f f i c i e n c y  predic ted  by t h e  1970 
ReMFIDS modeling e f f o r t ,  were achieved r a t h e r  qu ick ly  and amazingly c l o s e  t o  
t h e  p red ic t ed  va lue  ( r e f .  6). However, t h e  long wavelength c o l l e c t i o n  improve- 
ment and t h e  r e f l e c t a n c e  r educ t ion  were achieved e s s e n t i a l l y  by a  c l e v e r  work- 
around, namely by t e x t u r i n g  t h e  f r o n t  s u r f a c e  of t h e  s o l a r  c e l l  ( r e f .  7 ) .  I n  
a d d i t i o n ,  cons iderable  e f f o r t s  have been spent  t o  achieve  t h e  p red ic t ed  v o l t -  
age and curve f a c t o r  improvements, b u t  open c i r c u i t  vo l t ages  exceeding approxi- 
mately 0.62 Vol t  a t  280C could no t  be  obta ined .  Consequently, numerous specu- 
l a t i o n s  f o r  t h e  p o t e n t i a l  causes of t h i s  apparent  "open c i r c u i t  v o l t a g e  l i m i t a -  
t ion"  were advanced, which g radua l ly  narrowed down t o  t h e  most l i k e l y  e f f e c t s  
of Auger recombination ( r e f .  8) and bandgap narrowing ( r e f .  9 ) .  (Table I )  
I n  a d d i t i o n  t o  t h e  i n t r o d u c t i o n  of t h e  " textured" s o l a r  c e l l  su r f ace ,  
an o p t i c a l  i n t e r n a l l y  r e f l e c t i n g  back con tac t  has  a l s o  been introduced i n  re- 
cen t  yea r s  ( r e f .  10 ) .  While t h e  former causes t h e  photons t o  t r a n s i t  t h e  
s o l a r  c e l l  bu lk  m a t e r i a l ,  be fo re  absorp t ion ,  under obl ique  ang le s  r a t h e r  than  
normal, i n  normally i n c i d e n t  l i g h t ,  t h e  l a t t e r  provides a second chance f o r  
abso rp t ion ,  wi th  charge c a r r i e r  genera t ion ,  f o r  t hose  photons which would o ther -  
wise have been absorbed, without  c a r r i e r  genera t ion ,  a t  t h e  back con tac t  sur-  
face .  Thus, bo th  measures s e r v e  t o  c r e a t e  t h e  e f f e c t ,  f o r  t h e  absorp t ion  of 
photons, of t h e  e x i s t e n c e  of a  t h i c k e r  wafer than  i s  a c t u a l l y  used. 
I n  p a r a l l e l  t o  t h e s e  experimental  e f f o r t s ,  t h e  understanding of t h e  c e l l  
opera t ing  mechanisms a l s o  advanced f u r t h e r .  I n  1972, i t  had a l r eady  been shown 
t h a t  a  d r i f t  f i e l d  i n  a  p a r t  of t h e  base  r eg ion  can be used t o  cons iderably  re- 
duce t h e  in f luence  on t h e  c o l l e c t i o n  e f f i c i e n c y  normally exer ted  by t h e  high 
s u r f a c e  recombination v e l o c i t y  from t h e  back con tac t  ( r e f .  11) .  Simultaneously, 
i t  was recognized t h a t  wi th  t h e  contemporary tendency t o  i nc reas ing  d i f f u s i o n  
l eng ths  and decreas ing  base  r eg ion  th i cknesses ,  t h e  t r a n s i t i o n  t o  i n t e rmed ia t e  
width and narrow width base  r eg ions  was occurr ing .  Consequently, t h e  d iode  
s a t u r a t i o n  c u r r e n t  should be expressed as 
- jo joyw (GF) 
where j ,w is  t h e  commonly used s a t u r a t i o n  c u r r e n t  f o r  t h e  wide base d iode ,  
and (GF? i s  a  dimensionless  "geometry f ac to r " ,  which d e s c r i b e s  t h e  in f luence  
of t h e  phys i ca l  con f igu ra t ion  ( r e f .  12 ,  11) (Fig.  1 ) .  It thus  was shown, 
t h a t  t h e  da rk  d iode  s a t u r a t i o n  c u r r e n t  i n  i n t e rmed ia t e  and narrow base d iodes  
can be cons iderably  l a r g e r  o r  smal le r  than t h e  corresponding s a t u r a t i o n  c u r r e n t  
i n  t h e  wide base diode,  depending on t h e  magnitude of t h e  s u r f a c e  recombination 
v e l o c i t y  ( r e f .  11 ) .  About t h e  same t ime,  i n t e r e s t  s t a r t e d  t o  s t e a d i l y  grow 
i n  t h e  a p p l i c a t i o n  of a  d r i f t  f i e l d  i n  a  narrow p a r t  of t h e  base  r eg ion  near  
t h e  back con tac t  s u r f a c e  which g radua l ly  l e d  t o  t h e  co in ing  of t h e  name "Back 
Surface Field" (BSF) solar cell (ref. 13). A great deal of speculation has 
developed about the actual influence of such a drift field on the carrier 
transport in the base region which is still not fully resolved. Also, applica- 
tion of the narrow-base corrections in the measurements of diffusion length in 
solar cells has started, and amazingly long diffusion lengths were found (ref. 
14). But despite the gradually growing acceptance of these new recognitions, 
they have not been applied to a reevaluation of the limit efficiency of the 
silicon solar cell. 
The current application of the ReMPIDS model thus differs from the last 
prior one in the following details: (a) the availability of high minority car- 
rier lifetime material, with consequently long diffusion lengths; (b) the appli- 
cability of intermediate width or narrow-base diode theory, partially in conse- 
quence of point a); (c) the surface recombination velocity has no longer to be 
reckoned with as a nature-given, essentially unalterable effect since both theo- 
retical and experimental efforts have indicated that the influence sf surface 
recombination velocity can be greatly reduced by applying drift field regions, 
inversion layers, or wide band-gap windows; (d) thinner base regions can be ad- 
vantageously used by application of a textured cell front surface and an opti- 
cal internally reflecting back contact; and (e) the application of very low re- 
sistivity material entails the introduction of Auger recombination, bandgap 
narrowing, and possibly other performance degrading effects. 
As an outcome of point (a) above, "realistic material parameters" should 
now include the use of minority carrier lifetime values as obtained on the 
best recently available silicon. These values are approximately an order of 
magnitude higher than those used previously. Also, in consequence of point (c) 
above, the "idealized device structure" can appropriately include the use 
of zero surface recombination velocity on both the front and back surfaces of 
the solar cell. 
THE ANALYTICAL MODEL 
The analytical model used is a transport equation for minority carriers 
derived from the Shockley equations (ref. 15) which contain descriptions of 
the continuity of charge carrier flow, including generation and recombination, 
for both electrons and holes, and of the electrical current based on diffusion 
and on drift of charge carriers, again for holes and electrons. The generation 
term in this transport equation is based on charge carrier pair generation by 
photon absorption, with a wavelength dependent absorption coefficient according 
to the specific semiconductor used, and to the operating temperature. The pho- 
ton incidence is assumed to be uniform over the light-exposed surface of the 
solar cell. Also, the geometry of the device is taken as plane and parallel 
to the front surface, and the two dimensions of these planes are assumed to be 
very large compared to the diffusion length of the minority carriers, so that 
surface effects at the edges of the device can be neglected. These two assump- 
tions, together with a third one stipulating the uniformity of all relevant 
material parameters in the planes parallel to the front surface, permit the 
transport equation be written and solved in one-dimensional form. In addition 
to this condition of "planar uniformity", the condition of "low level injectionff 
is imposed to obtain independence of the minority carrier lifetime from carrier 
concentration, and to avoid the requirement for coupled solution with a second 
t r a n s p o r t  equat ion  desc r ib ing  t h e  ma jo r i t y  c a r r i e r  flow. The t h i r d  key con- 
d i t i o n  imposed is t h a t  of maintenance of "space charge n e u t r a l i t y "  which eli- 
minates  t h e  need f o r  us ing  t h e  Poisson equat ion  a s  a f u r t h e r  coupled d i f f e r e n -  
t i a l  equat ion.  
With t h e s e  t h r e e  cond i t i ons ,  and f o r  t h e  s teady  s t a t e  c a s e  of i n t e r e s t  
here ,  t h e  t r a n s p o r t  equat ion  becomes a n  inhomogeneous one-dimensional, l i n e a r ,  
second o r d e r  d i f f e r e n t i a l  equat ion,  which can be  a n a l y t i c a l l y  solved f o r  cer -  
t a i n  ca ses .  Imposing t h e  low l e v e l  i n j e c t i o n  cond i t i on  i s  ins t rumenta l  i n  pro- 
v id ing  l i n e a r i t y  of t h e  d i f f e r e n t i a l  equat ion,  and maintaining t h e  l i n e a r i t y  
of t h e  t r a n s p o r t  equat ion  permi ts  t h e  supe rpos i t i on  of t h e  d i f f e r e n t  s o l u t i o n s  
a r i s i n g  from va r ious  fo rc ing  func t ions .  Such f o r c i n g  func t ions  desc r ibe ,  
f o r  i n s t ance ,  minor i ty  c a r r i e r  i n j e c t i o n  a c r o s s  t h e  pn junc t ion  due t o  forward 
b i a s ,  o r  t h e  gene ra t ion  of minor i ty  c a r r i e r s  from photons wi th in  a given wave- 
l eng th  band of t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  l i g h t  source.  This l a t t e r  fea-  
t u r e  provides t h e  p o s s i b i l i t y  of ob ta in ing  s e p a r a t e  s o l u t i o n s ,  and thus  ind i -  
v i d u a l  l i g h t  generated c u r r e n t  c o n t r i b u t i o n s ,  f o r  each i n d i v i d u a l  s p e c t r a l  
range, and t h e  supe rpos i t i on  of t h e s e  s o l u t i o n s  over  t h e  whole s p e c t r a l  d i s t r i -  
bu t ion  of t h e  source ,  t o  o b t a i n  t h e  t o t a l  l i g h t  generated cu r r en t .  S imi l a r ly ,  
s e p a r a t e  s o l u t i o n s  of t h e  t r a n s p o r t  equat ion ,  ob ta ined  f o r  t h e  two major re- 
gions of t h e  s o l a r  c e l l s ,  can be  superimposed both f o r  t h e  l i g h t  generated cur- 
r e n t  and t h e  d i f f u s i o n  c u r r e n t  i n j e c t e d  ac ros s  t h e  PN-junction under forward 
b i a s  condi t ion .  The two major reg ions  of t h e  device  a r e  t h e  f r o n t  reg ion ,  
which is  defined a s  t h e  reg ion  between t h e  l i g h t  exposed f r o n t  s u r f a c e  of t h e  
device  and t h e  boundary s u r f a c e  between t h e  dep le t ion  reg ion  of t h e  PN junc t ion  
and t h i s  l a y e r ;  and t h e  base reg ion ,  which i s  t h e  reg ion  between t h e  back 
s u r f a c e  of t h e  c e l l  and t h e  boundary s u r f a c e  between t h e  dep le t ion  r eg ion  and 
t h i s  base l aye r .  The t h i r d  major r eg ion  i s  the  dep le t ion  reg ion  of t h e  PN 
junc t ion ,  which a l s o  c o n t r i b u t e s  l i g h t  generated cu r r en t .  For t h e  i d e a l i z e d  
device  s t r u c t u r e ,  t h e  assumption has been made t h a t  recombination does not  t a k e  
p l ace  i n  t h i s  d e p l e t i o n  reg ion ,  r e s u l t i n g  i n  100% c o l l e c t i o n  e f f i c i e n c y  f o r  
t h i s  region.  
Through t h e  a d d i t i o n a l  assumption of constancy i n  t h e  d i r e c t i o n  of minor i ty  
c a r r i e r  mob i l i t y  and l i f e t i m e  and, where p re sen t ,  t h e  d r i f t  f i e l d ,  throughout 
a  r eg ion  of t h e  semi-conductor device  f o r  which a  s o l u t i o n  of t h e  d i f f e r e n t i a l  
equat ion  i s  t o  be  found, t h e  t r a n s p o r t  equat ion  becomes a  d i f f e r e n t i a l  equa- 
t i o n  wi th  cons t an t  c o e f f i c i e n t s ,  f o r  which a n  a n a l y t i c a l  s o l u t i o n  can b e  
r e a d i l y  found ( r e f .  16 ) .  I n  most ca ses  where t h e  condi t ions  and assumptions 
ou t l i ned  he re  are n o t  f u l f i l l e d ,  on ly  numerical methods can b e  app l i ed  t o  t h e  
s o l u t i o n  of t h e  t r a n s p o r t  equat ion  o r  t h e  coupled system of equat ions .  For 
t he  i d e a l i z e d  device  s t r u c t u r e  t r e a t e d  he re ,  t h e  a n a l y t i c a l  s o l u t i o n  is f u l l y  
app ropr i a t e .  However, f o r  most r e a l  s i l i c o n  s o l a r  c e l l  s t r u c t u r e s ,  and under 
many of t h e i r  a p p l i c a t i o n s ,  t h e  a n a l y t i c a l  method a l s o  provides a  very good 
approximation, as long a s  i t  is  r e a l i z e d  t h a t  i t  cannot y i e l d  informat ion  f o r  
c e r t a i n  e f f e c t s  which may be i n t e r e s t i n g  f o r  s tudy.  
The gene ra l  s o l u t i o n  of t h e  t r a n s p o r t  equat ion  i s  subjec ted  t o  t he  appro- 
p r i a t e  boundary cond i t i ons  which, i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  i nc lude  
zero s u r f a c e  recombination v e l o c i t y  a t  both t h e  f r o n t  and t h e  back su r f aces .  
The PN junc t ion  i t s e l f  is  modeled according t o  Shockley's d i f f u s i o n  theory 
which means t h a t  t h e  i n j e c t i o n  c u r r e n t s  a r e  based exc lus ive ly  on recombination 
w i t h i n  t h e  bu lk  and a t  t h e  s u r f a c e s  of t h e  n e u t r a l  reg ions .  It has  been shown 
i n  c a r e f u l l y  prepared s o l a r  c e l l s  t h a t  t h e  recombination c u r r e n t  from t h e  
d e p l e t i o n  r eg ion  can be  made n e g l i g i b l y  smal l  i n  t h e  p a r t  of t h e  I -V charac te r -  
i s t i c  near  t h e  maximum power p o i n t ,  which is  t h e  only  p a r t  of i n t e r e s t  f o r  t h e  
es tab l i shment  of t h e  l i m i t  conversion e f f i c i e n c y .  The d i f f u s i o n  o r  i n j e c t i o n  
c u r r e n t  is  determined f o r  both r eg ions  according t o  t h e  impuri ty  concent ra t ions  
chosen f o r  t h e  ind iv idua l  c e l l  s t r u c t u r e .  A s ingle-s ided i n j e c t i o n  model is  n o t  
used. Also, t h e  d i f f u s i o n  c u r r e n t s  a r e  obtained f o r  t he  a c t u a l  th icknesses  of 
t h e  two r eg ions  chosen f o r  t h e  c e l l  s t r u c t u r e ,  so  t h a t  t h e i r  de te rmina t ion  is  
n o t  l i m i t e d  by e i t h e r  wide base  o r  narrow base  assumptions. Although recombi- 
n a t i o n  i n  t h e  d e p l e t i o n  r eg ion  i s  neglec ted ,  i t s  width  is  n o t  assumed t o  b e  zero ,  
bu t  is  ca l cu la t ed  from t h e  l i n e a r  graded junc t ion  model. The d i f f u s i o n  c u r r e n t s  
a r e  then determined f o r  t h e  a c t u a l  dimensions of t h e  n e u t r a l  reg ions .  
The computations of t h e  l i g h t  generated c u r r e n t s  have been based on t h e  
Airmass 1 s u n l i g h t  spectrum. Its s p e c t r a l  d i s t r i b u t i o n  and i r r a d i a n c e  have 
been der ived  from t h e  A i r m a s s  0 s p e c t r a l  d i s t r i b u t i o n ,  wi th  an  i r r a d i a n c e  of 
135.3 mW cm-2, according t o  t h e  NASA/ASTM Standard (Ref. 1 7 ) .  Th i s  d e r i v a t i o n  
has been based on t h e  computation of t h e  atmospheric absorp t ion  us ing  t h e  
Bouguer r e l a t i o n s h i p  (Ref. 1 8 ) ,  by assuming an  ozone con ten t  of 2.5 mm, a 
p r e c i p i t a b l e  water con ten t  of 10  rnm, and a d u s t  conten t  of t he  atmosphere of 300 
p a r t i c l e s  per  cubic  meter .  A t o t a l  d i r e c t  Airmass 1 i r r a d i a n c e  of 99.3 mW cm-2 
is  thus  obta ined ,  and no i n d i r e c t  r a d i a t i o n  has  been added. 
The s o l u t i o n s  of t h e  t r a n s p o r t  equat ion  under t h e  app ropr i a t e  boundary con- 
d i t i o n s  a r e  a v a i l a b l e  i n  a computer program which s t e p s ,  i n  50 nm wavelength 
increments,  through t h e  whole Airmass 1 s o l a r  spectrum t o  determine t h e  t o t a l  
l i g h t  generated c u r r e n t  c o n t r i b u t i o n s  from each of t h e  t h r e e  r eg ions  of t h e  
s o l a r  c e l l ,  a s  w e l l  a s  t h e  t o t a l  f o r  t h e  c e l l .  S imi l a r ly ,  applying t h e  cor res -  
ponding s o l u t i o n  of t h e  t r a n s p o r t  equat ion  without  t h e  gene ra t ion  t e r m  provides 
t h e  d i f f u s i o n  c u r r e n t  from t h e  f r o n t  and t h e  base  r eg ions  f o r  zero b i a s  con- 
d i t i o n .  Having obtained t h e  t o t a l  l i g h t  generated c u r r e n t  and t h e  d i f f u s i o n  
c u r r e n t ,  t h e  e n t i r e  cur ren t -vol tage  c h a r a c t e r i s t i c  f o r  t h e  idea l i zed - s t ruc tu re  
s o l a r  c e l l  is  determined. I n  an  i t e r a t i o n  procedure, t h e  maximum power p o i n t  of 
t h i s  cur ren t -vol tage  c h a r a c t e r i s t i c  is  then found, u s ing  a s e r i e s  r e s i s t a n c e  
va lue  en tered  a s  a parameter i n t o  t h e  computation. For t h e  c u r r e n t  eva lua t ions  
of an i d e a l i z e d  model, t h i s  s e r i e s  r e s i s t a n c e  i s  assumed t o  be  zero.  
It may b e  noted t h a t  f o r  t h e  v a l u e s  of impuri ty  concen t r a t ion  assumed f o r  
t h e  f r o n t  and t h e  base  r eg ions ,  t h e  cond i t i on  of low l e v e l  i n j e c t i o n  is  main- 
ta ined  f o r  t h e  l i g h t  generated c u r r e n t  i n  any p a r t  of t h e  c e l l  up t o  l i g h t  
i n t e n s i t i e s  which would correspond t o  moderate o p t i c a l  concen t r a t ion  r a t i o s ,  i.e. 
r a t i o s  i n  t h e  10  t o  100 range. 
A v i o l a t i o n  of t h e  low l e v e l  i n j e c t i o n  cond i t i on  can a r i s e ,  however, from 
t h e  d i f f u s i o n  c u r r e n t  i n  c e r t a i n  device  con f igu ra t ions  (Ref. 19 ) .  This  s i t u a t i o n  
can occur ,  f o r  i n s t ance ,  i n  r eg ions  ad j acen t  t o  t h e  d e p l e t i o n  reg ion ,  which a r e  
very  narrow compared t o  a d i f f u s i o n  l eng th ,  and out  of which very  l i t t l e  minor i ty  
c a r r i e r  f low occurs ,  as would b e  t h e  c a s e  from l a y e r s  w i t h  low s u r f a c e  recombi- 
n a t i o n  v e l o c i t y .  Also, l a r g e  d i f f u s i o n  c u r r e n t s  a r e  needed p r imar i ly  a t  o r  
near  t h e  open c i r c u i t  condi t ion ,  a t  which t h e  d i f f u s i o n  c u r r e n t  has  t o  be  equal  
and oppos i t e  t o  t h e  l i g h t  generated c u r r e n t .  This  phenomenon is i l l u s t r a t e d  i n  
Fig. 2, s i m p l i f i e d  by cons ider ing  a l l  l i g h t  generated c u r r e n t  t o  be  o r i g i n a t i n g  
from t h e  base  r eg ion ,  and a l l  d i f f u s i o n  c u r r e n t  flowing i n t o  t h e  base  region.  
F igure  2 shows t h a t  t h e  c u r r e n t  e q u a l i t y  r e q u i r e s  
assuming t h a t  both c u r r e n t s  a r e  p r i n c i p a l l y  based,  near  t h e  d e p l e t i o n  reg ion ,  on 
c a r r i e r  d i f f u s i o n .  The s u b s c r i p t s  "L" and "d" i n d i c a t e  minor i ty  c a r r i e r s  re-  
s u l t i n g  from l i g h t  gene ra t ion  and i n j e c t i o n  a c r o s s  t h e  d e p l e t i o n  reg ion ,  r e s -  
pec t ive ly .  x denotes  t h e  d e p l e t i o n  r eg ion  boundary on t h e  base  s i d e ,  It is 
thus  t h e  j y B  m ino r i ty  c a r r i e r  d e n s i t y  g r a d i e n t s ,  and n o t  t h e  d e n s i t i e s  them- 
s e l v e s ,  t h a t  have t o  be  equal .  I n  f a c t ,  t h e  d i f f u s i o n  c u r r e n t  equals  t h e  t o t a l  
recombination i n  t h e  base  reg ion ,  p o s t u l a t i n g  n e g l i g i b l e  minor i ty  c a r r i e r  out- 
flow. But t h e  recombination r a t e  U is p ropor t iona l  t o  t h e  minor i ty  c a r r i e r  
d e n s i t y ,  i n  low l e v e l  condi t ion .  Thus, i f  t h e  minor i ty  c a r r i e r  l i f e t i m e  (-c ) i s  
n l a r g e ,  a h igh  minor i ty  c a r r i e r  d e n s i t y  i s  needed t o  achieve  a  g iven  recombination 
r a t e .  Th i s  i s  commonly expressed i n  t h e  "charge c o n t r o l  model" 
where T i s  kep t  cons t an t  i n  accordance wi th  t h e  low l e v e l  condi t ion .  Qn is  t h e  
n 
t o t a l  charge  s to red  i n  t h e  base  r eg ion  by minor i ty  c a r r i e r s  n  i n j e c t e d  ac ros s  d t h e  d e p l e t i o n  reg ion ,  n  being t h e  equi l ibr ium minor i ty  c a r r i e r  concent ra t ion .  
Thus n can be much l a r g e r  than  d 2, and can begin t o  v i o l a t e  t h e  "low l e v e l "  
c o n d i t ~ o n ,  o r  even approach t h e  "high l e v e l "  cond i t i on ,  long be fo re  l eaves  
t h e  low l e v e l  s i t u a t i o n .  
Here, however, on ly  the  de te rmina t ion  of t h e  l i m i t  e f f i c i e n c y  is  of con- 
ce rn ,  which e n t a i l s  a performance eva lua t ion  a t  o r  near  t h e  maximum power po in t .  
A t  t h i s  p o i n t ,  t h e  needed d i f f u s i o n  c u r r e n t  d e n s i t y  is  approximately a n  order  
of magnitude smal le r  than  t h a t  f o r  t h e  open c i r c u i t  condi t ion .  Thus, t h e  low 
l e v e l  i n j e c t i o n  cond i t i on  i n  t h i s  p a r t  of t h e  I-V c h a r a c t e r i s t i c  i s  s t i l l  main- 
ta ined  i n  nea r ly  a l l  p r a c t i c a l  c a s e s  of concern here .  
THE "REALISTIC MATERIAL PARAMETERS" 
The eva lua t ion  of t h e  l i m i t  s o l a r  c e l l  performance has  been performed f o r  a  
range  of r e s i s t i v i t i e s  i n  t h e  base  and f r o n t  r eg ions  of t h e  c e l l ,  r e s p e c t i v e l y .  
I n  most ca ses ,  t h e  f r o n t  r eg ion  r e s i s t i v i t y  has  been made a t  l e a s t  one o rde r  of 
magnitude lower than  t h e  r e s i s t i v i t y  of t h e  base  reg ion .  However, t o  avoid 
complicat ions encountered through t h e  onse t  of bandgap narrowing, through a se- 
v e r e  i n f luence  of Auger recombination, o r  o t h e r  p o s s i b l e  ve ry  low r e s i s t i v i t y  
e f f e c t s ,  t h e  h i g h e s t  impur i ty  concen t r a t ion  used i n  t hese  c a l c u l a t i o n s  has  been 
2x1018 cm-3 . 
The key m a t e r i a l  parameters  needed f o r  t h e  c a l c u l a t i o n s  a r e  t h e  minor i ty  
c a r r i e r  mob i l i t y  and t h e  minor i ty  c a r r i e r  l i f e t i m e .  For t h e  minor i ty  c a r r i e r  
mob i l i t y ,  r e l a t i v e l y  r e c e n t  experimental  d a t a  have been used (Ref. 20). For t h e  
minor i ty  c a r r i e r  l i f e t i m e ,  a s e t  of va lues  a t  t h r e e  d i f f e r e n t  r e s i s t i v i t i e s ,  
was chosen which i s  r e p r e s e n t a t i v e  of experimental  va lues  r epea t ed ly  found i n  
t h e  b e s t  a v a i l a b l e  s i l i c o n  of t h e  r e s p e c t i v e  r e s i s t i v i t i e s .  (See t h e  3 po in t s  
shown i n  Fig.  3) These minor i ty  c a r r i e r  l i f e t i m e s  a r e  t h e r e f o r e  thought t o  b e  
f u l l y  w i t h i n  t h e  c a p a b i l i t y  of today ' s  s i l i c o n  m a t e r i a l  technology and should, 
once a p p r o p r i a t e  a t t e n t i o n  i s  pa id  t o  t h i s  a s p e c t ,  be  produceable i n  q u a n t i t y  
a t  accep tab le  p r i c e s  f o r  s o l a r  c e l l  manufacture.  These l i f e t i m e  va lues  a r e  
a p p l i c a b l e  i n  bo th  n-type and p-type m a t e r i a l .  L i f e t ime  va lues  a t  r e s i s t i v i t i e s  
o the r  than  t h e  t h r e e  g iven  p o i n t s  were obta ined  by i n t e r p o l a t i o n  and extrapola-  
t i o n  us ing  Shockley-Read recombination theory and Auger recombination. (Ref. 21) 
(Fig. 3) The d a t a  of F i sche r  and Pschunder (Ref. 8 )  show t h e  a v a i l a b i l i t y  of 
1 m s  l i f e t i m e s  a l r eady  a t  a 1 R r e s i s t i v i t y ,  and i n d i c a t e  a very  h igh  s a t u r a t i o n  
l i f e t i m e  based on a s m a l l  concen t r a t ion  of deep l e v e l s ,  s o  t h a t  no in f luence  of 
doping concen t r a t ion  occurs ,  o u t s i d e  of Auger recombination. 
THE IDEALIZED SOLAR CELL STRUCTURE 
A s  was o u t l i n e d  i n  t h e  s e c t i o n  on t h e  " a n a l y t i c a l  model", t h e  b a s i c  s o l a r  
c e l l  s t r u c t u r e  is assumed t o  be  p l ane  p a r a l l e l ,  and extending, i n  t h e  l a t e r a l  
dimensions, f a r  i n  comparison t o  t h e  minor i ty  c a r r i e r  d i f f u s i o n  l eng th .  The 
b a s i c  c e l l  s t r u c t u r e  i s  assumed t o  c o n s i s t  of t h r e e  reg ions :  t h e  f r o n t  reg ion ,  
t h e  t r a n s i t i o n  reg ion ,  and t h e  base  reg ion ,  arranged i n  t h i s  o rde r  counting 
from t h e  f r o n t  s u r f a c e  of t h e  c e l l .  A s  w a s  mentioned, t h e  width of t h e  t r a n s i -  
t i o n  r eg ion  is  computed us ing  t h e  l i n e a r  graded junc t ion  model. While recombi- 
n a t i o n  i n  t h i s  r e g i o n  is  assumed t o  b e  zero,  t h e  c o l l e c t i o n  e f f i c i e n c y  of t h i s  
r eg ion  i s  assumed t o  be  100%. The f r o n t  and t h e  base  r eg ions  of t h e  c e l l  have 
been assumed t o  have cons t an t  m a t e r i a l  parameters  throughout,  and t o  be  f r e e  of 
any e l e c t r o s t a t i c  f i e l d .  
A s  a n  e x t r a p o l a t i o n  from c u r r e n t  technology c a p a b i l i t i e s ,  t h e  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t i e s  a t  t h e  f r o n t  and t h e  back s u r f a c e s  of t h e  c e l l  have been 
assumed t o  b e  zero.  This  assumption can be  i n t e r p r e t e d  i n  a d i f f e r e n t  way: 
There could be  a n  i d e a l i z e d  l a y e r ,  i n  f r o n t  of t h e  f r o n t  reg ion ,  of such proper- 
t i e s  t h a t  i t  t r ansmi t s  100% of t h e  incoming photons i n t o  t h e  s o l a r  c e l l ,  b u t  
t ransforms t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  open s u r f a c e  s o  t h a t ,  a t  t h e  i n t e r -  
f a c e  of t h i s  a d d i t i o n a l  f r o n t  l a y e r  w i t h  t h e  a c t i v e  f r o n t  l a y e r  of t h e  c e l l ,  a 
boundary e x i s t s  i n t o  which no minor i ty  c a r r i e r  c u r r e n t  f lows.  Simultaneously, 
t h e  i n t e r f a c e  and t h e  l a y e r  i t s e l f  s h a l l  have no r e s i s t a n c e  t o  ma jo r i t y  c a r r i e r  
c u r r e n t  flow. Such a l a y e r  might be  a "window l aye r "  of a wide band gap ma- 
t e r i a l ,  s i m i l a r  t o  t h e  usage i n  t h e  G a  A 1  A s / ~ a A s  s o l a r  c e l l s ,  o r  a l a y e r  in- 
x 1-x 
co rpo ra t ing  a "high low junction", o r  a n  inve r s ion  l a y e r .  A s i m i l a r  i dea l i zed  
l a y e r  could be assumed t o  be i n t e r s p e r s e d  between t h e  r e a l  back s u r f a c e  of t h e  
c e l l  and t h e  base  reg ion .  This  l a y e r  would have t h e  same e l e c t r o n i c  p r o p e r t i e s  
as t h e  " idea l i zed  window layer" ,  b u t  i t  needs n o t  t o  be  t r anspa ren t  t o  photons. 
This  l a y e r  would, however, have t o  e f f e c t  a s u i t a b l e  t ransformat ion  from t h e  
e l e c t r o n i c  p r o p e r t i e s  of an  ohmic c o n t a c t  which normally has  a much h igher  sur- 
f a c e  recombination v e l o c i t y  than  an  open s u r f a c e  should have, and which gene ra l ly  
covers  t h e  e n t i r e  back s u r f a c e  of t h e  c e l l .  
Two a d d i t i o n a l  f e a t u r e s  have been incorpora ted  i n t o  t h e  s o l a r  c e l l  s t r u c -  
t u r e .  The f i r s t  is t h e  assumption of a tex tured  f r o n t  su r f ace ,  which causes 
t h e  photons t o  p e n e t r a t e  under ob l ique  angles  i n t o  t h e  s o l a r  c e l l  s t r u c t u r e .  
This  e f f e c t  i s  modeled i n  a n  i d e a l i z e d  manner by assuming a l l  photons t o  move 
i n s i d e  t h e  s o l a r  c e l l  a t  t h e  same p e n e t r a t i o n  angle ,  which could be  v i s u a l i z e d  
a s  t h e  average of a l l  a c t u a l  p e n e t r a t i o n  angles .  This  average ang le  has  been 
chosen h e r e  as 45' from t h e  normal t o  t h e  s o l a r  c e l l  p lanes ,  a v a l u e  which 
should be c l o s e  t o  t h a t  r e s u l t i n g ,  i n  normal incidence,  from t h e  s u r f a c e  
s t r u c t u r e  u s u a l l y  obtained i n  t h e  common t e x t u r e  e tch ing  processes .  (Ref. 7 )  
The second f e a t u r e  i s  t h e  e x i s t e n c e  of an  o p t i c a l l y  r e f l e c t i n g  s u r f a c e  a t  
t h e  r e a r  of t h e  base  reg ion .  The e x i s t e n c e  of t h i s  s u r f a c e  f e a t u r e  permits  
photons which p e n e t r a t e  a l l  t h e  way through t h e  f r o n t ,  dep le t ion ,  and base  
r eg ions  of t h e  c e l l ,  t o  be  r e f l e c t e d  forward and have a second chance f o r  ab- 
s o r p t i o n  and charge c a r r i e r  genera t ion .  For t h e  idea l i zed  c e l l  s t r u c t u r e ,  a 
r e f l e c t a n c e  of 1.0 has  been assumed f o r  t h e  back su r f ace .  Together w i t h  t h e  
tex tured  f r o n t  su r f ace ,  t h e  r e f l e c t i n g  back s u r f a c e  permi ts  t h e  cons t ruc t ion  of 
a t h inne r  s o l a r  c e l l  w i th  the  same abso rp t ion  c h a r a c t e r i s t i c  and a poss ib ly  
even h igher  c o l l e c t i o n  e f f i c i e n c y  a s  would o therwise  be obtained i n  a t h i cke r  
c e l l  s t r u c t u r e .  
For a s e n s i t i v i t y  a n a l y s i s ,  t h e  c e l l  con f igu ra t ion  which appeared r e a d i l y  
p r a c t i c a l l y  r e a l i z a b l e  and gave one of t h e  h ighes t  e f f i c i e n c i e s ,  was recomputed 
wi th  two d i f f e r e n t  v a l u e s  of s u r f a c e  recombination v e l o c i t y :  10 cm s-1 and 100 
cm s-1. 
RESULTS OF THE COMPUTATIONS 
Around a hundred computations were made wi th  d i f f e r e n t  m a t e r i a l  parameters 
and dev ice  s t r u c t u r e s  t o  obta in :  a )  t h e  a b s o l u t e  maximum, o r  l i m i t  e f f i c i e n c y ;  
b) t h e  optimum e f f i c i e n c y  ob ta inab le  w i th  c e r t a i n  m a t e r i a l  combinations; and 
c) t h e  s e n s i t i v i t y  t o  changes i n  v a r i o u s  s t r u c t u r e  parameters.  Only t h e  key 
r e s u l t s  a r e  summarized i n  Table I1 and i n  F igures  4 t o  8. These r e s u l t s  lead  
t o  t h e  fol lowing observa t ions :  
1. The i d e a l i z e d  l i m i t  e f f i c i e n c y  is  s t i l l  about  25%, t h e  h ighes t  va lue  
found was 25.13%. 
2. There is  s t i l l  a tendency towards h igher  e f f i c i e n c y  a t  t h e  lower 
r e s i s t i v i t i e s .  (F ig .  4) 
3. Very low r e s i s t i v i t i e s  , involving impurity concentrations above 1018 
cm-3, a r e  not  needed for. achieving the  l i m i t  e f f ic iency . 
4. I n  consequence of point  3 ,  high doping e f f ec t s ,  including degeneracy, 
ser ious  influence of Auger recombination, band-gap narrowing, e tc . ,  can be 
avoided. 
5. The l i m i t  e f f ic iency value  obtained is ,  however, determined by the  on- 
s e t  of Auger recombination which depresses t h i s  ef f ic iency s l i g h t l y .  
6. There is  a very wide range of impurity concentrations a t  which ideal-  
ized e f f i c i enc i e s  above 23.5% a r e  obtainable. 
7 .  Idealized e f f i c i enc i e s  above 23.5% a r e  obtained a t  t o t a l  wafer thick- 
nesses of 25 t o  200 um, and a t  junction depths of 2 t o  10 pm. Thicmeans 
ra the r  t h in  c e l l s  and l a rge  junction depths, i n  con t ras t  t o  e a r l i e r  thinking. 
8. The higher the impurity concentration chosen, the  smaller the junction 
depth and the  t o t a l  c e l l  thickness have to  be. The l i m i t  e f f ic iency has been 
obtained a t  a t o t a l  c e l l  thickness of only 50 urn, with junction depths of 2 t o  
6 urn. 
9 .  I n  a l l  cases of high eff ic iency,  the  region thickness i s  small compared 
to  the  d i f fus ion  length within i t .  The l i m i t  e f f ic iency,  however, has been ob- 
tained i n  a case where t h i s  statement i s  only marginally va l id .  
10. The peak eff ic iency values a r e  obtained i n  a design trade-off between 
co l lec t ion  eff ic iency and vol tage  (Fig. 5 t o  6 ) .  A s  the  c e l l  thickness i s  de- 
creased, the  co l l ec t ion  eff ic iency decreases due t o  reduced photon absorption, 
while the vol tage  increases,  based on the  reduction of the diode sa tu ra t ion  
current  r e su l t i ng  from the  decrease of the  form fac to r  with decreasing thickness 
a t  low surface  recombination ve loc i ty .  
11. The be s t  e f f i c i enc i e s  a r e  obtained with equal impurity concentrations 
i n  the  f r o n t  and base regions of the c e l l .  Thus, the re  is  pr incipal ly  no need 
fo r  an "emitter" i n  the  f r o n t  region, except t ha t  higher doping can help t o  
reduce s e r i e s  res is tance .  
12. Both the  textured surface  and the  op t i c a l  i n t e rna l l y  r e f l e c t i ng  back 
surface  a r e  important f o r  obtaining high e f f i c i enc i e s  i n  t h i n  c e l l s ,  and small 
c e l l  thickness, i n  turn,  i s  needed to  approach the  high conversion eff ic iency 
values shown here. 
13. The optimum e f f i c i enc i e s  a r e  obtained over a ra the r  broad range of 
mater ia l  and s t r uc tu r e  parameters, and the  s e n s i t i v i t i e s  t o  the  va r i a t i on  of 
these parameters a r e  generally small (Fig. 7 t o  8 ) .  
1 4 .  Since greater  c e l l  thicknesses and wider ranges of junction depth a r e  
ava i l ab le  a t  lower impurity concentrations, these c e l l s  w i l l  probably f ind 
preference fo r  p r ac t i c a l  reasons (Fig. 4 ) .  
15. The s e n s i t i v i t y  of t h e  e f f i c i e n c y  t o  low va lues  of s u r f a c e  recombination 
v e l o c i t y  i s  a l s o  n o t  g r e a t  (Table 11, l i n e s  14 t o  15 ,  compared t o  l i n e  4 ) .  
DISCUSSION OF RESULTS 
The assumption of low o r  zero s u r f a c e  recombination v e l o c i t y  a t  t h e  sur-  
f a c e s ,  combined wi th  ob l ique  p e n e t r a t i o n  of t h e  photons i n t o  t h e  s o l a r  c e l l  a s  
r e s u l t s  from s u r f a c e  t ex tu r ing ,  and wi th  o p t i c a l  i n t e r n a l  r e f l e c t i o n  a t  t h e  back 
s u r f a c e  l e a d s  t o  a new approach t o  s o l a r  c e l l  des ign  and opt imiza t ion .  While 
t h e  e a r l i e r  th inking  w a s  based on ob ta in ing  high vo l t ages ,  and consequent ly 
high conversion e f f i c i e n c y ,  by a p p l i c a t i o n  of ve ry  h igh  impuri ty  concen t r a t ions  
t o  y i e l d  a  low d iode  s a t u r a t i o n  c u r r e n t ,  t h e  new approach pursues t h e  same g o a l  
of low s a t u r a t i o n  c u r r e n t  by us ing  f r o n t  and back r eg ions  of t h e  s o l a r  c e l l  
which bo th  a r e  narrow compared t o  t h e  r e s p e c t i v e  d i f f u s i o n  l eng ths .  Thus, t h e  
s eve re  l i m i t a t i o n s  imposed by heavy doping e f f e c t s  a r e  avoided, and h igh  
e f f i c i e n c i e s  s t i l l  a r e  ob ta inab le .  However, t h i s  c e l l  des ign  involves  a t rade-  
of f  between t h e  c o l l e c t i o n  e f f i c i e n c y  and t h e  c e l l  vo l t ages .  This  trade-off 
can no t  b e  optimized wi thout  t h e  ob l ique  p e n e t r a t i o n  of t h e  photons and t h e  
i n t e r n a l  o p t i c a l  r e f l e c t i o n .  I n  f a c t ,  i n  t h e  h i g h e s t  e f f i c i e n c y  case  found, 
i n  which t h e  base r eg ion  th ickness  happens t o  approach t h e  d i f f u s i o n  l eng th  
(Table 11, Line l l ) ,  Fig.  4  shows c l e a r l y  t h a t  a  f u r t h e r  i nc rease  of t h e  base  
r eg ion  th i ckness  r e s u l t s  i n  reduced l i g h t  generated c u r r e n t ,  a s  fewer of t h e  
minor i ty  c a r r i e r s  a r e  c o l l e c t e d  which were generated from photons which had been 
i n t e r n a l l y  r e f l e c t e d  a t  t h e  back su r f ace .  This  c a s e  c l e a r l y  i l l u m i n a t e s  t h e  
importance of t h e  o p t i c a l  i n t e r n a l  r e f l e c t i o n  a t  t h e  back s u r f a c e  i n  very  t h i n  
c e l l s .  
Table I r e p e a t s  a  s e t  of numbers which were der ived  i n  1970 as des ign  
"goals" f o r  t h e  key performance parameters  of s i l i c o n  s o l a r  c e l l s  i n  A i r m a s s  0  
s u n l i g h t ,  toge ther  w i t h  t h e  a c t u a l  d a t a  of contemporary c e l l s  and improved c e l l s  
developed s i n c e  then. The i n s i g h t s  gained wi th  t h e  a n a l y s i s  of a new l i m i t  
e f f i c i e n c y ,  descr ibed  he re ,  i n d i c a t e s  t h a t  a  pre l iminary  r eeva lua t ion  of t h e  
des ign  g o a l s  would a l s o  be  appropr i a t e .  The r e s u l t s  of such a  r eeva lua t ion  a r e  
summarized i n  Table 111, us ing  t h e  d a t a  on t h e  i d e a l i z e d ,  100 um t h i c k  c e l l  wi th  
4 pm t h i c k  f r o n t  l a y e r  of 5.1017 cm-3 n-type impuri ty  concent ra t ion ,  whi le  t h e  
p-type base  reg ion  con ta ins  5.1016 cm-3 impur i t i e s .  These d a t a  determine t h e  
c o l l e c t i o n  e f f i c i e n c y ,  t h e  open c i r c u i t  vo l t age ,  and t h e  curve f a c t o r .  The 
o the r  parameters correspond e s s e n t i a l l y  t o  c u r r e n t  experience f a c t o r s  on t h e  
b e t t e r  c e l l s .  The pre l iminary  goa l  thus  found f o r  s i l i c o n  s o l a r  c e l l s  i s  22% 
conversion e f f i c i e n c y  i n  A i r m a s s  1, unconcentrated s u n l i g h t  a t  28OC. This  goa l  
needs ref inement  through f u r t h e r  i n v e s t i g a t i o n s  t o  determine t o  what degree t h e  
i d e a l i z e d  c e l l  s t r u c t u r e  and i ts  performance can b e  approached i n  r e a l  s o l a r  
c e l l s .  
CONCLUSIONS 
The new computations on i d e a l i z e d  s o l a r  c e l l  s t r u c t u r e s  have shown t h a t  
t h e r e  is  a second " t h e o r e t i c a l  approach" t o  ob ta in ing  high open c i r c u i t  and 
maximum power p o i n t  v o l t a g e s ,  a f t e r  t h e  f i r s t  one, r e l y i n g  on h igh  impuri ty  
concent ra t ions  i n  t h e  base  and f r o n t  r eg ions  of t h e  c e l l ,  has  been found in- 
f e a s i b l e .  This  second approach involves  t h e  "narrow regiont '  des ign  f o r  both 
t h e  f r o n t  and back r eg ions  of t h e  s o l a r  c e l l ,  and r e l i e s  heav i ly  on low 
e f f e c t i v e  s u r f a c e  recombination v e l o c i t i e s  f r o n t  and back, as w e l l  a s  a tex tured  
f r o n t  s u r f a c e  and a n  o p t i c a l  i n t e r n a l l y  r e f l e c t i n g  back su r f ace .  In  f a c t ,  
us ing  t h i s  des ign ,  t h e  undes i r ab le  e f f e c t s  of high doping can b e  completely 
avoided. The idea l i zed  l i m i t  e f f i c i e n c y  of t h e  s o l a r  c e l l ,  t h e  v a l i d i t y  of 
which had become doub t fu l  a s  a r e s u l t  of t h e  r e c e n t  r e a l i z a t i o n  of t h e  impacts 
of h igh  doping e f f e c t s ,  i s  thus  r e e s t a b l i s h e d  a t  i ts  e a r l i e r  va lue  near  25%. 
The new c e l l  des ign  r e q u i r e s  a r a t h e r  t h i n  c e l l ,  i n  t h e  50 t o  150 pm range,  w i t h  
a t h i c k  f r o n t  r eg ion  i n  comparison t o  contemporary des igns .  Of paramount im- 
portance,  however, i s  ob ta in ing  low e f f e c t i v e  s u r f a c e  recombination v e l o c i t i e s  
both a t  t h e  f r o n t  and back s u r f a c e s  of t h e  c e l l .  These may be  approached by 
t h e  u s e  of d r i f t  f i e l d ,  i nve r s ion ,  o r  window l a y e r s .  Fur ther  i n v e s t i g a t i o n s  
i n  progress  a r e  aimed a t  explor ing  t h e  degree t o  which t h e  assumptions made, 
p a r t i c u l a r l y  t h a t  of extremely low s u r f a c e  recombination v e l o c i t y ,  can b e  ex- 
pected t o  b e  approached i n  r e a l  s o l a r  c e l l  s t r u c t u r e s .  Ear ly  r e s u l t s  from 
t h e s e  i n v e s t i g a t i o n s  i n d i c a t e ,  t h a t  an  amazingly c l o s e  approach t o  t h e  per for -  
mance of t h e  i d e a l i z e d  s o l a r  c e l l  s t r u c t u r e  may b e  p o s s i b l e  i n  r e a l  s o l a r  c e l l s .  
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TABLE I. - PERFORMANCE STATUS OF CURRENT SILICON 
SOLAR CELLS AND IMPROVEMENT GOALS 




:OMM'L, "VIOLET" 'BLACK" 
CELL CELL CELL 
0,45 0.45 0.45 
0 , I l  0.79 0.28 
0,925 0,951 0,97 
0,96 0,95 0,95 
0,522 0,535 0,531 
0,82 0,825 0,822 
0,91. 1,O 0,99 
0,9G 0,985 0,984 






GRID LINE COVER 
VOLTAGE FACTOR 
CURVE FACTOR 


















E f ~  49.0 49.0 
? 2  47.5 47,7 
6' 4 5 3  45,4 
0,6750,591 
26,3 22,1 
MW C M - ~  
MA c i i 2  
MA cfl-2 
MA C M - ~  
V 
RGI C M - ~  
u 26.3 21,8 MX CM-2 
3 
o 25,6 21,4 M W C M - ~  
14 I-- 
TABLE 111. - PRELIMINARY 1979 SILICON SOLAR CELL DESIGN GOALS 
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IS0 -EFFICIENCY PLOT 
FRONT:N,=~.IO~~ ~ r n - ~  
BASE : Y = ~ . I O I ~  cmm3 
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